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POLVIE R PR.EPRPJ~S , 30( 1) 9

NNIR 'Measurements of Solvent Sulf-IDiffusion coefficient, other compicatiric tr%:m !: r rt-_cn '1,. G
Coffcins n ovrerSluiosvalues used range irom Ito 11oo e 1scn : ii:r.rt) 10 otv tinLt ifCoeficiets i Polmer oltiionsthe experiments arc done at fiXed A thai Int! c~uiiC0-:::etnt cLol tie

Frank D. Blum, I Stephen Pickup'- and R. Allen Waggonert  Prbdidpnet. f1-fo8vrI). lco I tl a l
Im!nrant effect in the attenuation or ul of thle IpeCLIMn lii'LJ aiclrts

I~epnmer of herrstrythis means that as the diftusion coc! !:aiestcet lowcr (this usuall,,t ~epmitet ofGhemstrycortresponds to smaller T,), largcx gradJcTits arc neeiicu to measure selt-
and Materials Research Center diffusion coefficients.
University of Missouri-Rolla

Rolla.MO65401 SOLVENT DIFFUSION AND FREE \OLI \1E
Shown in Figure 2 is an example of the results of PGSE2Depatmtent of Chemistry experiments on toluene in poly 'styrene soiutionsi 12i as a function of

University of Missouri-Columbia temperature. These results show that the soisent self-d:ffus~con coefincient
Columnbia, N1O 65211 varies over two orders of marnituoc f rom i 0to 10', t-!, rer. The-ise

measurements .cre madec on !EOL FXN9( and FX- 1(1(1 instruments with
INTRODUCTION field gradients of about 5 G/um. To obtain se!'-d:ftuston coeffiitnts at

The transport of solvents and other small molecules in polymer hieher concentrations of polymer a 1larger grTacienit is neced such as thatsolutions is important for a variety of reasons. For example. xn'lll usdb- o erwl 57.Teect r -eutl csrbdb h
molecule transport in polymer solutions may control the rate of chemical free-volume based theory of \'renias arid Dud!a 3usine tneir correlative
reactions, the drying of coatings, the loss of plasticizer, curing of resins, approach which requi'res that two parameters to be fitted to the
elimination of restidual monomer, and controlled release of drugs. The experimental data.
iole of diffusior. in different chemical systems has been reviewed(1.2) -4________________________
Jlong with the measurement of diffusion coefficients in general(3.-4).

in this paper we review some of the work which has been done in
our laboratory on *he diffusion of small molecules in polymer solutions . o
and dispersions. The measured diffusion coefficients are shown to be**
useful for scientific studies as well as being predictive tool, for industral0
processes. For reference a number of reviews have been ritten on the o a
technical aspects and applications of the technique 15-9). Some of cc *
these(5.7.S) have sections dealing with polymer systems.Ea

PULSED-GRADIENT SPIN-ECHO NINIR (3 11t5-

The potential ust of NNMR to measure self-diffusion coeff]icients wasa
a55*recognized as early as the 1950's. The basis of the iechniuue is that the 2

nuclear spins are tat ged via their precessional frequencies. The
precessional frequency of a nuclea spin, co. is given by: Its

cu= -YH(x) (1) 0 2 0 4 0 650 8 0 100

where ytis the magnerogyric ratio of the nucleus and H is the magnetic w.PretP

field strength which can be made to vary as a function of position. x. Figure 2. Self-diffusion ccellicients ci tol.crie in polystyrene
Normally. the magnetic field is uniform (homogeneous) over the sample soiutions(12).
volume so that all nuclei of the same type have the Same resonance
(precessional) frequency. If a magnetic field gradient is used (i.e. H A free velume approach has also been used to compare solvent self-
varies with position), the precessional frequencies will vary- with posttion djiffusion data with NMR relaxation data tn the polvlisopropyl acrvlatel-d/
and conac,:uently the nuclear spins wvill be "tagged" by their position. chloroform system) 14). The re-laxanion time measurements were the T,'s

The basic technique currently used by most researchers is the( of the backbone deuterons. For this systemn it was found that bothlpulsed-igradient spin-echo (POSE) method based on the work of Stejtskalj concentration and temperature superposit'ions tor both sets of data werel
and Tanner (10) as modified by Stulbs and Moseley(l 1). The pulse: identical (within experimental errori suezesting that btoh ty pes of'
sequence is shown tn Figure 1. It consists of a normal spin-echo pulsel phenomena were sensitive to the same free volume fraction. This ty-pe of
sequence with two magnetic gradient pulses added. Dunrin the spin echo, analysis needs to be performed on other t%,pes of pots-met systems.

(90'-A-180'-A-echol sequence, normal spin-spin relaxation. T,, occurs
dur-ing the time 2A after which the echo is formed. A series of spectra are In the dilute and semni-dilute regimes, it has been nosted that the
then collected as a function of the duration of the magnetic field gradient normalized solvent self-diffUsion coefficients in tiolvr-te solutions could

____ _________ ___he su,-r'n'-sed at lower concentrations. Sho'niniue3arth

I 6 toluene self-diffusion coefficients normalized byv ihe sNelf-diffusion
coefficient of the pure solvent at vanoiis Temtreraiwires It is obvious that

I the differences between (ic different te-mpcraitire data ire small at low
magntic agniconcentration and become larger as the concentration increases. This

gradient 1111 aaie nl effect has been verified by NM %R for polssisrene in either toluene orcyclohexane, polylcihvle ine oxide) in wuicri I),land ailso bs torced

Figure 1.TePS us eunesltos 61. The nornmalized data ali faill on the saitnc plot reg~ardles of
1. Th PGS puls seqencethe strength of the interaction betweeni the polymner anit thte solvent for

Pulse. B. The resulting intensity can then be represented by: binary systems. This ty .pe of ainalysis nis 10t hiold in vonic three
1r expl2A/T 21 xp(.~G~2 lA.&t)) (2)component systems where oine small miclcuie is f-retcrentikhatatdt

where G is the magnetic gradient field strength and D is the self-diffusion thpomrl1.



Shown in Figure 5 are the curves lor th. lo,,; of toluene ,s a
function of time along with our predicLion ,(21 ). T'o ,,iittiite the drying
curves a finite differcnce model was ucd(2 I) :Oon_ % itt the evaporation
rate of pure toluene. the Flory-I h,agins interacuin p.ir:nctr, and solvent

a.a seif-difftirion coefficienit data( 12). Thei solvent selt-diffusion data were:
a= 0 extrapolated and interpolatcd with the use of the Vrcnms-Duda thcory(13). .

0 As can be seen ta the figt're. the ncrccn'ent bct% ectn the cxerimcntal and.
0 predicted diffusion cu. ,s is excellent, oaricuiu'ly considering that r.

a # ., adjustable parameters were used.

ss.

*25*
nin

0 20 400 60 0 100
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0

Figure 3. Normalized self-diffusion coefficients of toluene in i
polystyrene solutions. 040

There are a variety of mechanisms which can be used to rationalize

the apparent superposition of diffusion coefficients including - 20
obst'uction(12) and also free volume effects(l7). Regardless of the cause - PREDICTED
of this phenomena, it can still be used for its predictive natu:e. An * EXPERIMENTAL
example, of this was demonstrated in the diffusion of toluene in swollen i
polystyrene bcads(18). In this system it was found that the self-diffusion
coefficients of the solvent within the beads could be predicted on the basis 2000 4 G 00 60 00 8000
of the solution diffusion coefficients plus knowledge of the solvent uptake Time(s)
from the swelling ratio. In this case the actual measurement of the i
diffusion coefficient is complicated because contributions from the solvent Figure 5 Predicted and experimental drying curves for polystyrene at
inside and outside the beads; plus exchange, must be considered. 251C.

SOLVENT DIFFUSION AND DRYING OF COATINGS CONCLUSIONS
Solvent self-diffusion coefficients have been shown to be useful for NUSIO n

prediction of physical phenomena such as the drying of coatings. Solvent The NMR technique for measuring self-difftsion coefficients has
loss curves for coatings systems usually show behavior which can be been applied to a variety of solvent-polymer svstems. There are a variety

divided into loss controlled by volatility, at early times, and evaporation, of important problems which can be solved or understood using this type
at later times(19). In the diffusion controlled region, the mutual diffusion. of dam In the future, more :ndfuhr-reaching applications are expected.
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